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A^tirtut^A Irensaiiltcr diversity Icchaiqne^'r^ wfivicss 
conmninlcsUoas over frequcocy selective fediog cliannds is 
prescoted. The proposed technique utllhEs orthogonal fie- 
queocy division amlUplalng (OFDM) to Cransforw a frt- 
qoeocy selective fading channel Into mtilUplc flat fading sub- 
ehannels on which space^frequency processing Is applied. 
SlmnlBtlao resniCs verily that In slow fading envtranmeou the 
proposed spaccfrequcncy OFDM (SP-OFDM) Cransmitter 
diverslly technique has the same pcrforroaoce 93 a prcvloiisly 
reported space-Ume OFI»l (ST^OPDM) Iransmilter diversity 
system hut shows belter perfomnnee in the more dimculi fast 
fading eoviroaments. Other ImpleiiiefiiaUoo advantages of SF- 
OFDM ova- Che ST«OFDM transmitter diversity technique are 
also discussed. 

I. limtoDucnon 

Spatial diversity is a welMtnown technique for combating 
the deirimcmal effects of multipath fading. Traditionally, 



dimension in a fonn of space-frequency OFDM (SF-OFDM) 
l^nsmitter diversity, which has also ten suggested in (2). 
This paper focusses on the implementation and performance 
evaluation of SF-OFDM transmitter diversity and its possible 
advantages over ST-OFDM transmitter divenity. Special 
considerations for the effective implementation of SF-OFDM 
transmitter diversity are also discussed 

II. OFDM Modulation wTTHCYcucPREnx 

OFDM is a popular modulation scheme for high data rate 
digital communications, especially for channels with large 
delay spreads (6]. A block diagram of a conventional OFDM 
communication system is shown in Fig. I. An OFDM com- 
munication system can be con^dered as a block or veaor 
transmission Q^em. Let X (m) denote the input serial data'^ 
symbols with symbol duration Tg . The serial to parallel con- 
verter collects N serial data symbols into a data vector 
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spatial diversity has ten implemented at the receiver end, v/ a.. 

requinng mulUpIc antennas and RF front-end circuits at the . . + , which has 



receivers. This multiplicity of receiver hardware is a major 
drawback, especially for parable receivers where physical 
size and current drain are important constraints.. In recent 
years, transmitter diversity has received strong interest. The 
main advantage of transmitter diversity is that diversity gain 
can be achieved by transmitting from multiple spatially sepa- 
rated antennas without signihcamly increasing the size or 
. complexity of the receivers. 

A number of orthogonal space-time iransmitter diversity 
techniques have been propo^ II-3J. Unfortunately, the 
large delay spreads in frequency selective fading channels 
destroy the orthogonality of the (eceived signals, which is 
critical to the operation of the diversity systems. Conse- 
qumily, these techniques arc often only effective over flat 
fading channels, such as indoor wireless networks or low 
data rate systems. Space-time coded OFDM (ST-OFDM) 
systems [4. 5] have ten proposed recently for delay spread 
channels. In {5J, it was shown that OFDM modulation with 
cyclic prefix can be used to transform frequency selocUvc 
fading channels into multiple flat fading channels so that 
orthogonal spacetime transmitter diversity can be applied, 
even for channels with large delay spreads. The use of 
OFDM also offers the possibility of coding in the ftequency 



a block duration of . An even block size N Is assumed 
throughout the paper. In fact, N is often chosen to be pow- 
ers of two to ta ke adv antage of the efTidcncy of (he fast Fou- 
rier transform (FFT) in the modulation and demodulation 
processes. Let denote the k-th forward polyphase 

component of the serial data symbols,' i.c., 
XA»)-X(nN*k) for * =0,1, -sAf-l . X,(a) can be 
viewed as the data symbol to be transmitted on the ft.th 
subcarrier during the block insunt n . The data vector X(n) 
can then be expressed in polyphase representation as 
X(»i)=[Xo(n)Af,(n)-"X^,.(/i)]’^.Thedata vector X{n) 
is modulated by an inverae discrete Fourier transform (TOFT) 
into an OFDM symbol' vector »(«). A length C cyclic ex- 
tension of the IDFT output is added to x(/i)' as a. guard in- 
terval. The resulting veaor with the cyclic prefix is given by 
»^(n) = [4r^^(n)-.x^^,(n)xp(n)- -z^^(n)j’^. The veaor 
(n) is transmitted through a frequency selective fading 
channel of order 4, i.e,, the channel impulse response 
A(m.r)w0forr=4 and A(m.r) s^Ofor r > 4 . 
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Fig. ]. Block diagram of a conventional OFDM system. 



To avoid inter-block interference (IBI). the guard interval 

is chosen to satisfy G 2 4 . Assuming the channel impulse 
response remains constant during the entire block interval, 
the received signal vector y'(«) is simply the convolution 

of X* (n) and the channel impulse response vector h(n) , 
i.c., y' (n) = X* (n)vb(n). At the receiver, the guard inter, 
val is first removed from the received signal vector to fom 
the vector It can be 

Shown that with (n) constructed as the cyclic extension of 
z(n) . the vector y (n) is the cyclic oonvoluiicm of x(/i) and 
h(/i). The demodulator performs an N -point discrete 
Fourier transfonn (DFT) on the vector y{n) to yield the 
demodulated signal vector Y(n). A well-known property 

of the DFT is that cyclic convolution in the time do- 
main resulu in multiplication in the frequency domain. 
Thus, the demodulated signal vector is given by 
Y(n)ss A(fi)X(n)-f Z(a)» where A(n) is a diagonal ma- 
trix whose diagonal elements are the DFT of the channel 
impulse response b(n) and Z(n) is the DFT of the channel 

noise. Since A{n) is. diagonal, the subchannels are com- 
pletely decoupled from each other, and A^j^{n) can be 

viewed as the complex channel gain of the *-th subcairier. 
Thus, OFDM, with cyclic prefix transforms a frequency se- 
lective hiding channel into N perfectly fiat fading subchan- 
nels on which orthogonal space-frequency transmitter diver- 
sity technique can be applied. 

111. SF-OFDM Transmittek DrvERsriT 

The proposed two-branch SF-OFDM transmitter diversity 
system is an OFDM extension of the simple orthogonal 
transmitter diversity scheme first shown in (2J. The OFDM 
modulation with cyclic prefix allows the onhogonal trans- 
mitter diversity technique to work in frequency selective 
channels. A simplified block diagram for the proposed sys- 
tem is shown in Fig. 2. 




Fig. 2. Block diagram of the proposed two-branch space- 
frequency OFDM transmitter diveisity system. 



. The data symbol vector X(n) is coded into. two vectors 
X| (n) and X, (n) by the space-frequency encoder block as 

During the block instant n , X, (#i) is transmitted from the 
first base station Txi while X 2 (n) is transroitted simultane- 
ously from the second base station Tx^ 

The operations of the space-frequency encoder and de- 
coder can best be described in terms of even and odd poly- 
phase component vectevs. Let X,(n) and X,(n) be two 
length h^/2 v^ors denoting the even aiid odd component 
vectors of X (/I ),i.e., 

X.(")=[Xo(/») («)••• 

x,(/.)=[x,(«) («)]'■ 

Similarly, X|^(n), X|^(/i), X|^(n) and X 2 ^(/i) denote 
the even and odd component vectors of X, (n) and X, (n) 

respectively. Equation <1> can then be expressed in terms of 
the even and odd component vectors as 

X,,(«) = X,(«) ..X^(n)«-X;(n) 
X^An)^XAn) , X2,(rt) = X/(n)‘ ^ 

The equivalent space-frequency block code transmission 
matrix (3) is given by 

Let A, (n) and A,(/i) be two diagonal matrices whose 
elements are the DFTs of the respective channel impulse 
responses, b, («) and b| (n) . The demodulated signal at the 
receiver is given by 
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Y(/i) = A,(fl)X,(/i)>A,(/i)X,(n)+Z(fl) p) 

or, equivalenily, as 

. Y. («) = (n)X,^ (n)+ (fl) X„ («) ♦ Z, („) 

Y, («) = A,, (n) X,^ (/i) ♦ (ii)X,, (/i) + Z. (/!)■ 

Assuming ihe channel responses are known nr can be «ti> 
mated accurately at the receiver, the space-frequency d»y"d fr 
block constructs the decision estimate veaor X(#i) as 

X. (") “ A', (n) Y, (n)+ Ai. (n) y; («) 

X.(") = A;,(«)Y.(n)-A,,(n)Y;(/.)’ 

The divenity performance of the proposed SF-OFDM 
transmitter diversity system can be analyzed by first subsU- 
tuUng (2) into (4) to express the demodulated signal in terms 
of X,(n) and X,(/i) as 

V. (") * K («) X. (») + Ai. (n)X, (ft) + Z. (fi) 
•Y,(n)=-Ai,(»)X;(fi)+Ai,(fi)x;(/i)+Z,(„)- 
Assuming the complex channel gains between adjacent sub- 
carriers are approximately constant. i.e.. A^, (»)«> A,^ {«) 

and A,^(n)o A^.(fi). then substituting (6) into (5) results 
in 

*«=(1Au| ■•■|A^,j )x, -rAJ^Z, ■►Aj^Z* 

**=(Kr+M’)x.-^Ai,z,-A,^z; 

where the implicit dependency on the block instant n has 
been omitted for brieftiess. Note that the decision variable 
equation (7) fw the proposed SF-ODFM transmitter divenity 
scheme is similar in form to that of the optimal Iwo-branch 
maximal ratio combining (MRC) receiver diversity system 
(7) and is exactly the same as that of the ST-OFDM trans- 
mitter diversiiy system in [5J. It is thus reasonable to expect 
the proposed SF-OFDM transmitter diversity system to have 
the same diversiiy performance as the previously reported 
ST-OFDM transmitter diversity systm. 

IV. PEBPORMANCE OP SF-OFDM TRANSMITTER DlVERSTTV 

The bit error rate (BER) performance of the proposed two- 
^anch SF-OFDM transminer diverdty system was verified 
by simulation. The simulation system used OFDM with cy- 
clic prefix length set to Ihe channel order L and 4-QAM on 
each sub^er. The COST207 six-ray channel power delay 
profiles |8] were used throughout the simulations, and it was 
assumed that perfect channel estimation was available at the 
^ver. Simulation resulu for the SF-OFDM transmitter 
diversity system in a slow bding typical urban (TU) channel 
with maximum Doppler frequency /„ c,|OHz are shown in 
Rg. 3. 




Rg. 3. SF-OFDM transmitter diversiiy in typical urban (TU) 
channel. T, = 2’*Sec. . M s SI2 and /, = lOHz . . 

Simulation results show that the SF-OFDM transmitter 
system significanily outperforms Ihe conventional 
OFDM system. It provides about S dB of diversiiy gain at a 
bit error rale (BER) of 10'* and about IS dB of gain at a BER 
of lO'* . Also shown in Fig. 3 is the theoretical performance 
wrve of an ideal Iwo-faimch transmitter diversiiy system. 
The performance of the SF-OFDM transmitter diversity 
matches that of the ideal transmitter diversiiy system very 
well up to a signal to noise ratio (SNR) of 30 dB. At higher 
SNR, the SF-OFDM transmitter diversity curve starts to ex- 

**®*"^: '**'''*’ “ ® well-known characteristic of 
all OFDM systems in Doppler spread channels (9J, 

Fw convcniional OFDM systems, the BER error floor is 
mainly a function of the nonnalized Doppler frequency 
The BER error floor will degrade as foNT^ in- 
(91. With transmitter diversity, complex channel gain 
variation between successive OFDM blocks (in the ST- 
OFDM case) or between subcarrters (in the SF-OFDM case) 
can degrade the error floor of the diversiiy systems. The de- 
cision viiriables for ST-OFDM transmitter diversity are com- 
puted over two OFDM blocks (5J. so it relies on the channel 
response to remain constant for two block periods 2/^ . 

With SF-OFDM transmitter diversity, the decision variables 
wc completely determined within a single OFDM block, so it 
is reasonable to expea SF-OFDM to perform belter than ST- 
OFDM in fast fading environmcnis where f^NT^ is large. In 
Fig, 4^ (a), Ihe performance of the proposed SF-OFDM 
transmitter diversiiy technique is compared to that of the 
previously reponed ST-OFDM transmitter diversiiy tech- 
nique [5|. Simulation results show that SF-OFDM transmit- 
tor di^^iiy significanily ouiperfonns ST-OFDM transmitter 
diversity when the nonnalized Doppler frequency is large. 
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Fig. 4. Performance comparison of ST-OFDM and SF- 
OFDM transmitter diversity systems over the TU channel, 
(a) ’Hie same foNT, is used for both ST-OFDM and SF- 
OFDM. (b) foNT, is doubled for SFOFDM. 



To fiiither illustrate the cflroctivencss of 5FOFDM in fast 
fading environments, the block size is doubled for the SF- 
OFDM system in Fig. 4 (b). Simulation results show that SF- 
OFDM sUII slighdy outperforms ST-OFDM transmitter di- 
versity even at twice the normalized Doppler frequency. 

Besides its superior p^ormanoe in fast fading enriron- 
ments, SP-OFDM transmitter diversity has^ other praaical 
impIcmCTtaiion advantages over the ST-OFDM approach, as 
well. Since the proposed SP-OFDM transniiner diversity 
scheme p^orms the decoding within one OFDM block, it 
only requires half of Che decoder memory needed for the CT- 
OFDM system of the same block size. Similarly, the decoder 
latency for SF-OFDM is also half that of the ST-OFDM ira- 
plementation. 

Despite the. number of advantages SF-OFDM transmitter 
diversity has over the ST-OFDM approach, there is one im- 
portant parameter that requires careful conaderaiion for SF- 
OFDM transmiiicr divenity systems. Recall the a<isumpUon 
used to derive (7) that the complex channel gain remains 
consiam between adjacent subcarricre. Any significant 




Fig. 5> Mean complex channel gain variation between adja- 
cent subcarriers vs. block size /V far typical urban (TU) and 

bad urban (BU) diannel power delay proles. 



variation in complex channel gain between adja^t subcar- 
riers will introduce error in the decoding process and will 
tfagradc the BER performance of the diversity system. The 
assumption of constant gain between . subcarricn is, of 
course, only true fw non-dispersive or Bat channels. For 
fr^uency elective fading channels, the complex channel 
gain variation between subcarriers depends on the channel 
order L , the channel power delay profile, and the block size 
S . The gain variation between subcarriers will be worse fbr 
higher enter channels channels with larger root-raean- 
squarc (RMS) delay spreads. On the other hand, a larger 
block size reduces the gain variation between subcairiers 
because of the finer partitioning of the frequency selective 
channel. 

Although an analytical expression for the subcarrier gain 
variation is not available, simulation of the complex channel 
gain of Che subcarriers can provide a qualiuUve measure on 
how the gain variation is affected by the channel character- 
istics and block size. Fig, 5 shows the simulation results of 
the mean subcanier gain variation as a function of the block 
sire far the COST207 TU and bad urban (BU) channel 
power delay profiles. As expected, the gain variation bo- 
iwcen adjacent subcarriers is worse for small block and 
for channels with poor power delay profiles, i.e., gain varia- 
tion is worse for the BU channel heiausc of its larger RMS 
delay spread. For fV o 32 , the mean gain variations arc 0. 13 
for the TU channel and 0.33 far the BU channel. The gain 
variation becomes small quickly as N increases. For 

=312, the mean gain variations are reduced to 0.(X)4 and 
0.01 1 for the TU and BU channels, respectively. 

Simulation results for an SF-OFDM transmitter diversity 
system with a block sire of A^ = 64 in a slow fading 
BU channel is shown in Fig. 6. Although the normalized 
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Fig. 6. SFOFDM iransmitier diversity over the bad urban 
(BU) channel with T, = 2*“Sec. , IV => 64 and /„ o iOHa . 

Doppler frequency is very small in this case, the BER is se- 
verely degraded because of excessive gain variation between 
Mbearriers. Based on the results in Rg. S and Rg. 6. it can 
be concluded that a sufficiently large block sice is essential 
for the implementation of SF-OFDM transmitter diversity 
systOTs. However, an excessively large block size is not 
required for SF-OFDM nnsmitter diversity to work ef- 
fectively. For the symbol rate and channel characteristics 
used in the siroulaUons for this study, a moderate block sice 
of JI2 is quite adequate as apparent from the results in 
Rg. 4 (a). 

V. SUMMAJtyANDDlSCUSSIONS 

A simple two-branch SF-OFDM transmitter diversity, tech- 
nique for wireless communicaUons over frequency selective 

« >' has been shown that 

SF-OFDM IS an efTicient and effective transmitter diversity 
technique, especially for applications where the noimaliccd 
Doppler frequency /gffT, is large. 

This paper has focused on two-branch diversity bfra use 
of its simplicity and its unity coding rate. Higher order SF- 
(»=pM transmitter diversity can be implemented in similar 
tehion along the frequency dirnension. Unfortunately 
higher order complex orthogonal block codes [3J all hate 
less than unity coding rale, which results in a reduction in 
dau throughput or an expansion in bandwidth in order to 
maintain the same data rate. Even if the coding rate loss is 
at^table. it is not clear whether using higher order irans- 
" “Pplying other error correction 
codes (ECC) on top of the second order transmitter diversity 
2«tem will achieve belter overall performance. The iradeolfr 
between higher order diversity and ECC is an interesting 
topic for filler study. Also not addressed in this paper is the 
impomni issue of channel estimation in the SF<OFDM 



iransmiitcr diversity sating. A channel paramacr estjmaUon 
^nique has been proposed for the ST-OFDM transmitter 
•r would be interesting to iovesUgate 
If similar or better channel estimation opproaches can be 
developed for SF-OFDM iransminer diversity systems. 
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